Abstract --The main attention of this paper is to improve the integration of wind energy systems to the grid. Therefore, a new supervision scheme for a 2MW direct drive wind turbine is proposed. It aims to satisfy the new Grid Connection Requirements (GCR), where the lowest voltage dip that wind farms must withstand can reach 0% of nominal voltage. The power electronics interface of the investigated wind turbine consists of a back-to-back voltage source converter. The threelevel, Neutral Point Clamped topology is used since multi-level converters are suitable for high power applications. Power limitation is achieved by pitch control. Supervision algorithm adapts the control strategy according to the different operating conditions. Thus, wind turbine safety during faults is guaranteed and it can provide ancillary services, necessary for power system stability. Performances are evaluated in terms of accordance with GCR including, low voltage ridethrough capabilities, power limitation and reactive power control.
I. INTRODUCTION
N the last decades, renewable electricity sources have been one of the most growing industries in the field of electricity production [1] . Recently, penetration rate of wind energy has reached significant levels in many countries such Danemark (21%) and Portugal (18%) [2] . In consequence, new wind power plants are increasingly expected to provide ancillary services which maintain reliable operation of the interconnected transmission system. These services include frequency control and reactive power control. In addition, during voltage dips, wind turbines must stay connected to the grid in order to guarantee power system stability. Adoption of innovative supervision strategies along with innovative configurations of power converters, make it possible to achieve these objectives. Actually, one of the developed supervision strategies uses a flywheel which represents an energy storage system during grid disturbances [3] . This method can hardly be used for high power wind turbine because of the flywheel size. In this context, this study proposes a new supervision scheme for direct drive wind turbine which fully complies with the GCR (Fig. 1) . The next section introduces the wind turbine model. The Third section presents the control algorithm of the grid side converter (GSC) which uses an LQG controller. Section Four describes the control strategy for the permanent magnets synchronous generator (PMSG), including the MPPT algorithm. Finally, the Fifth section presents the developed supervision strategy. It guarantees wind system stability during faults and reactive power generation. Its performances are evaluated comparing to the GCR imposed by the German Transmission System Operators (TSO), E. ON Netz.
II. WIND TURBINE MODEL

A. Aerodynamic Subsystem
The mechanical torque produced by the wind turbine is expressed by [4] :
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In (1),U is the mean wind speed, R is the rotor radius and ρ is the air density. 
With : 
B. Mechanical model
In this work, a one-mass model is used to represent the drive train system. The shaft dynamics are then described by the following equation : C. Pitch system model Most high power wind turbines are equipped with pitch regulation to achieve power limitation. Pitch actuators are hydraulic or electrical servomechanisms used to rotate the entire blade around its longitudinal axis [6] . They have to act rapidly in order to avoid power excursions during high winds. Typically, β angle can reach 30°with a maximum variation rate of 10 / s ±° [4] . In this work, the pitch actuator is modeled as a first order system (Fig. 3) . Saturations in the amplitude and derivative of the pitch angle are used to represent the maximal allowed rotation and the limitation in the pitch rate.
D. Permanent magnets synchronous generator
Voltage equations of the PMSG are written in the dq reference frame, where the d axis is aligned with the vector of the permanent magnets ˆv ψ flux and q axis is 90°ahead of the d axis [7] . Using the generator convention, these equations are expressed by:
With the stator flux components:
In (5) and (6), p is the number of pole pairs and g R is the resistance of stator windings. The electromagnetic torque of the generator is then given by:
E. Power converters For the Direct Drive configuration, the rotational speed is decoupled from the grid frequency through tow fully rated, back-to-back converters. The generator side converter ensures variable speed operation of the wind turbine. The grid side converter is mainly used to control active and reactive powers delivered to the grid. In this work, the three-level NPC topology is adopted for power converters. Indeed, integration of multilevel converters in wind systems allows the design of more powerful wind turbines and reduces the size of filtering elements [8] . Topology of the diode clamped inverter is depicted on 
Moreover, according to Fig. 4 and Table I , voltage ripples in the DC bus capacitors are expressed by:
Here, rec i is the current delivered by the generator side converter. 
⎦ stands for the currents at the converter output. The same methodology is used to model the generator side converter. Fig. 5 shows the topology of the LCL filter used to connect the wind turbine to the grid. LCL filter offers a butter harmonic rejection compared to a simple L filter since it has a higher attenuation ( 60 / db dec − ) [9] . According to Fig. 5 , differential equations describing the grid connection interface are given by:
F. LCL filter model
In (14), (15) and (16), 
III. CONTROL STRATEGY FOR THE GSC
This section presents the LQG controller used to control grid currents gr I at the point of common connexion. The controller scheme is depicted on Fig. 6 and it is based on a full order observer [12] .
A. Synchronization with the grid
It is essential to have an accurate estimation of the grid phase angle gr θ since this control algorithm is developed in the dq synchronous frame. In this work, the Phase Locked Loop (PLL) synchronization method is adopted since it gives acceptable performances during voltage dips [8] . 
B. Generation of grid current references
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C. LQG controller design
The LQG controller is designed in the synchronous frame. According to (14) , (15) and (16) , differential equations of the LCL filter can be written in state space representation as expressed below: Fig. 7 presents the control algorithm diagram. System state space representation, tacking into account observer dynamics, can be deduced as follows: 
, H is the observer gain matrix and K is the controller gain matrix. 1 w and 2 w are two stationary white Gaussian signals corresponding respectively to the process noises and the sensors noise. Process noises in this case are voltage harmonics generated by the inverter that act as a disturbance for the system dynamics. ε is the error between estimated and real state variables (x x ε = − ). The procedure for selecting matrix H and K is based on minimizing the quadratic cost functional [10] : [11] and [12] . Once control matrix R and Q are fixed, matrix H and K are calculated based on: 1 1 
In (26) 
Inserting (28) in (27) gives:
Then, function ( *, ) f y p (Fig. 7) fixing the control vector e can be derived from (29) 
D. Control of the DC bus voltage
The objectives of this controller are to keep constant DC bus voltage, along with controlling active power delivered to the grid. Any imbalance between the power at the rectifier output rec P and the inverter power inv P will affect DC bus voltage according to the following expression: In the above diagram, vcc G represents the current controller dynamic. DC bus voltage controller is depicted in Fig. 6 . A multiplication by 1 − is carried out in order to compensate the negative sign in DC bus voltage dynamic. Design of PI-regulator is detailed in [12] . It is explained in details in [13] .
E. Control of DC bus intermediate voltages
IV. CONTROL STRATEGY FOR THE GENERATOR SIDE CONVERTER
A. Speed control of the PMSG Rotor speed should be adjusted according to wind speed variations in order to maximize power extraction. This objective is achieved by a nested speed-torque algorithm. Fig. 9 shows the structure of the torque controller. It is developed using the PMSG model described by (5) and (6) . It intends to control stator currents through the decoupled dq reference voltages 
By inserting (2) in (33), the following optimal power expression is obtained:
( )
Based on (34), the torque reference is calculated through a set point from the shaft rotational speed. This MPPT algorithm is depicted on Fig. 10 : Fig. 11 shows the proposed control strategy for the variable pitch wind turbine. A PI-regulator gives the reference angle * β according to the error between power setpoint * g P and the generator power g P . When the generated power falls below the fixed setpoint, the pitch actuator saturate at its minimal limit min β which ensure an optimal energy capture. In this operating mode, an anti-windup mechanism is used to deactivate the integral component of the control law. Beyond rated wind speed, a gain scheduling procedure adjusts the proportional component p K such that the change of the aerodynamic features of blades does not affect the regulation quality. 
B. Pitch angle control
V. SUPERVISORY CONTROL STRATEGY
In this section, the supervision control strategy is discussed. According to the new GCR of the German operator E. ON Netz, wind farms should stay connected to the grid during voltage dips. They should withstand voltage dips with time duration of 3s. The dips magnitude can reach 100% of the rated voltage [14] . In addition, the GSC must supply reactive power to support the grid voltage during faults. A reactive current equivalent to 2% n I per 1% n U voltage dip is required. To satisfy these grid codes, the supervisory control block (Fig. 1) v during all the faults duration. In addition, the wind turbine stay connected to the grid and supports the voltage by delivering reactive power. The grid currents are limited to the nominal value N I . After the fault, the active power is increased to the original value with a gradient higher than 20% of the rated power per second, as required by the GCR. This gradient limitation is achieved by a rate limiter block, placed over the torque reference signal. Finally, it is noticed that rotor speed is no longer controlled during the fault since torque reference is not taken from the MPPT algorithm. However, it does not deviate considerably from its initial value since maximal fault durations are too short comparing to rotor dynamics.
VI. CONCLUSION
In this paper, a supervision strategy for a Direct Drive wind turbine was proposed. The investigated wind turbine is equipped with multilevel converters and it is designed for large scale wind energy production. According to the simulation results, the wind turbine stay does not trip during a symmetrical voltage dip of 99%. In addition it delivers reactive power to support the grid voltage. Thus, supervisor performances are in accordance with the new GCR. VIII. ACKNOWLEDGMENT This work was supported by the Tunisian Ministry of High Education, Research and Technology.
